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Abstract
One of the key dangers facing astronauts involved in interplanetary spaceflight includes
radiation and the risks associated with it. Radiation can be in the form of space radiation or
come from the flight vehicle’s propulsion system. The purpose of this study is to determine the
range of possible radiation dosage for humans traveling to Mars as a function of trip time,
accounting for the radiation caused by the fusion reactor (when applicable). We neglected
radiation from either nuclear fission or chemical. Away from Earth, the most damaging source of
radiation comes from galactic cosmic rays (GCR), and exposure to the astronauts may exceed
lifetime recommended doses for durations of a year or more in space. We found that while
fusion propulsion systems generate ionizing neutron and x-ray radiation, the crew habit can be
readily shielded against these sources. The reactor provides a marginal increase in radiation
exposure, but since GCR exposure is linear with trip time (τ), the overall absorbed dose in the
astronauts is reduced as 1/τ. Part of this study will also look into neutron activation, or the
process by which neutron radiation induces radioactivity into materials, and the added risks it
could pose. By analyzing varying mission definitions, a recommendation can be made for both
the propulsion system used and the time frame of the mission.
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Introduction
One danger facing interplanetary travel in the future is the constant threat of radiation
particles. Radiation may come from a manmade source such as a nuclear fission or fusion
powered propulsion system or from space radiation such as solar particle events (SPE) and
galactic cosmic radiation (GCR). GCR comes from outside the solar system, consisting of
ionized atoms with varying sizes. Within orbit around Earth, the magnetic field provides
shielding from most of the GCR. SPE are releases of energetic particles into interplanetary space.
Coronal mass ejections and solar flares give rise to SPE that can produce lethal radiation doses
outside of the magnetosphere. Depending on the type of propulsion system being utilized, a vast
range of particles may be created which could pose a health risk to crew aboard a flight vehicle.
A major hurdle when combining all of these factors is the duration of a mission and how long the
astronauts would be exposed to that type of environment. In order to assess this risk, various
combinations of mission times and propulsion systems were used and evaluated.
The main manmade particles that were examined were gamma rays, x-rays, and neutrons.
These were chosen as they can cause more damage to human tissue than other particles, such as
alpha or beta rays. Gamma and x-rays are broken down into acute and chronic exposures. An
acute exposure occurs suddenly and can last from seconds to minutes. Nonstochastic affects, or
the damage of internal organs, fall under this category. Chronic exposure occurs from doses that
range from days to years. This form can cause damage to the cellular DNA, leading to cancer
and genetic defects. Sensitive areas of the body include skin and the eyes. In the study of
interplanetary space travel, chronic exposures are the main priority of radiation protection. These
types of rays are capable of traveling multiple feet in air and inches in tissues. Therefore, they
are highly penetrating and require extremely dense or thick materials for shielding.
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Neutron radiation, often a main component of cosmic radiation, is highly penetrating and
interacts greatly with tissues. Based on preliminary data from experimentation with dogs, it is
suggested that neutrons transfer their energy in a series of ionizing events 10. This causes a much
greater damage to tissue than by gamma or x-rays. The most common results seen in these
experiments are skin cancers and localized deep-tissue damage. The main reason for the intense
damage is due to the chemical makeup of the human body. Water, which composes nearly 70%
of the body, contains two hydrogen atoms per molecule. This is important because the collision
cross section between neutrons and protons is high in comparison with other species, so the
probability of ionizing collisions is high. When the neutron hits the nucleus of hydrogen atoms,
the proton causes ionization of the body which leads to the chain reaction of damage. Unlike
gamma and x-rays, dense materials do not shield well against neutron radiation. Lower atomic
mass materials are preferred due to a high probability of forming cross sections that will interact
with the neutrons. Due to this, hydrogen based materials are well suited for neutron protection,
such as water. An underlying problem occurs though through activation of the material, which
makes a stable material become radioactive. In order to properly combat this, a combination of
light and heavy materials must be utilized.
After performing some initial calculations, it was discovered that the main factor
governing the comparison between propulsion systems lies in the time required to reach a
destination. For a round trip to Mars, the time required for a fusion engine would be on the order
of six months total, or three months for each one-way trip. Nuclear thermal engines operate on a
slower time, taking roughly a year for a round trip, or double the time of fusion engines.
Chemical, being the least effective, operate on a scale of two years per round trip, or four times
the amount of fusion engines. As the time spent in free space increases, the expected radiation
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dosage also increases. Therefore, one goal for a mission design is to utilize not only a safe but
effective propulsion system, but to also limit the overall time spent in the dangers of space. Due
to this, an assumption was made that the fusion propulsion system would produce the best
results, and thus is the main focus of analysis. For the purpose of this study, the only events that
were analyzed were the trip to get to Mars and the trip to return to Earth.
Solar particle events and galactic cosmic radiation comprise the naturally occurring
radiation in space. SPE are based on a single event, leading to the risk of their effect being based
on the probability of one occurring. GCR occur at a constant rate, making the prevention of its
affects a primary concern. Unlike the previously mentioned manmade sources, these must be
protected by the Transhab shell that houses the crew. Current shielding technologies on the ISS
are composed of polyethylene bricks lining the entire structure. In order to show a realistic
comparison based on technology currently developed, it was assumed the material of choice for
the Transhab shield was composed of this. It must be noted that aluminum was considered to be
another viable option, but was ruled out due to the density of the material. While it has
approximately the same molecular weight as polyethylene, the aluminum is three times as dense.
This results in a heavier shell for the Transhab, which consumes precious weight that may be
needed somewhere else.
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Transhab Configuration
For this study, the configuration of the Transhab and vehicle dimensions were based on
the dimensions provided in NASA/TP-2003-2126911. An example of the Transhab concept is
shown in Figure 1. The dimensions of the overall vehicle are shown in Figure 2, which depicts
the HOPE vehicle concept design.

Figure 1: Transhab configuration 1

Figure 2: HOPE vehicle overall dimensions 1
9

Health Analysis
In order to obtain accurate calculations in regards to the impact of the radiation on
humans, the dose rates must be measured with respect to tissue. The calculations in this study
will cycle between the measurements of absorbed dose, D, equivalent dose, H, and the effective
dose, E. Absorbed dose reflects the amount of energy deposited in a medium, while equivalent
dose is a measure of the biological damage to living tissue as a result of radiation exposure.
Effective dose is similar to equivalent dose, but is calculated as the product of the equivalent
dose with a tissue weighting factor. The tissue weighting factors utilized for this study came
from within Atoms, Radiation, and Radiation Protection 2 by James Turner. Each tissue or organ
characterized with its matching weighting factor is displayed below in Table 1.
Table 1: Tissue Weighting Factors 2

It must be noted that the primary calculations performed utilize a tissue weighting factor of 1,
which is indicative of full body radiation.
As a means of demonstrating the risks radiation can pose to the human body, probability
coefficients were created that estimate fatal cancer risks, nonfatal cancer risks, and severe
genetic effect risks for adult workers. The coefficients are based on the effective dose with the
units of a Sievert, or Sv, and were published in both ICRP Publication 60 4 and NCRP Report
10

No. 116 3. Table 2 shows each of the risks, while Figure 3 shows the correlation between the
probability coefficients and the total effective dose in Sv.
Table 2: Probability Coefficients (per Sv effective dose) 3/4

Probability Coefficients vs. Effective Dose
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Figure 3: Probability Coefficients vs. Effective Dose
Each paper also published exposure limits based on equivalent and effective doses in regards to
annual and cumulative amounts. Table 3 demonstrates the limits for both NCRP-116 3 and ICRP60 4.
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Table 3: Exposure Limits from NCRP Report No. 116 3 and ICRP Publication 60 4

For this study, the value of annual effective dose was used to determine the desired configuration
needed. Therefore, the annual limit was set at 50 mSv/yr, or 5.708 x 10-3 mSv/hr.
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GCR and SPE
Unlike the neutron and x-ray radiation, which come from a man-made source of the
propulsion system, GCR and SPE occur naturally in space. Therefore, the sources can’t be
analyzed from a simple point source view with a shadow shield protecting the crew of the
Transhab. Shielding for these types of radiation will come strictly from the Transhab, or from the
thickness of the Transhab shell. For this study, polyethylene was chosen as the material and the
Transhab was analyzed via spherical shield geometry. In order to perform baseline calculations,
an online analysis tool named OLTARIS 5 (On-Line Tool for the Assessment of Radiation in
Space) was utilized. The tool is capable of performing effective dose calculations with the inputs
of material properties for a spherical shell with a user defined material and thickness. It is also
capable of running multiple environment definitions, such as GCR in free space and SPE in free
space. After communicating with various members of the radiation and space community, it was
decided that the mission definitions for GCR would be based on the 1977 Solar Min (DSNE)
with the Badhwar-O’Neill 2010 GCR model 11/12. SPE calculations were chosen via the August
1972 (LaRC) and August 1972 (King) events 11/12.

GCR
As a set of baseline calculations, the effective dose was calculated as a function of trip
time for various Transhab shell thicknesses using polyethylene material, shown in Figure 4.
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Figure 4: Effective Dose vs. Trip Time - GCR
The graph for each shell thickness shows a linear correlation between the effective dose and trip
time. The plot is broken into the three regions, which is representative of the three types of
propulsion systems that are being reviewed. While all of the thicknesses yield an effective dose
much greater than the average limit deemed for safety, a clear choice can be made as to which
propulsion system offers the greatest benefits. Fusion propulsion drastically reduces the expected
effective dose due to the short round trip time of only six months. Figure 5 demonstrates this by
showing the total probability coefficient as a function of the trip time. These lines also are
indicative of a first order linear relationship, showing the constant growth of the coefficients with
respect to trip time. As before, the coefficients are indicative of the probability of fatal cancer,
non-fatal cancer, and genetic effects.
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Figure 5: Total Health (Fatal/Non-Fatal Cancer/Genetic) Probability Coefficients vs. Trip Time - GCR

It must be noted that after careful calculations using the OLTARIS tool, a rough estimate was
made that a six month round trip would require a shield thickness on the order of 16-18 feet to
limit the total exposure below the allowable annual recommendations. While the required
thickness is drastic, it serves as a starting point for determining a combination of trip time and
propulsion system and shield which provides an acceptable level of radiation dose to the crew.

SPE
Unlike GCR, which occurs at a constant rate, SPE take place in the form of one discrete
event. Due to this, the danger of SPE comes from the magnitude of the rays produced in the solar
particle event. The baseline value of SPE was based on the selected August 1972 solar particle
events spectra’s. The results are shown below in Figure 6, which displays the effective dose for
each set of Transhab thicknesses as function of the total number of solar particle events.
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Figure 6: Effective Dose vs. Event Number - SPE
A better view of the effective dose can be seen in Figure 7, which limits the y-axis to a maximum
value of 250 mSv. As one can see, the thickness of the material offers a drastic difference in the
slope of the line, with more variation among the thicknesses than for the GCR calculations.
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Figure 7: Effective Dose vs. Event Number Zoom -SPE
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It is impossible to know how many solar particle events may take place over the course of the
mission timeline as well as the amount of danger they would pose to the crew. Based on the
available inputs of OLTARIS for SPE analysis, a maximum of three events appear to take place
in a given span of three to six months. This provides the justification for analyzing the radiation
dose based on one to three solar particle events. Any Transhab thickness greater than 100 cm
would reduce the overall effective dose from SPE to a negligible amount for up to three solar
particle events. This shifts the main focus of the analysis to the effects of GCR.
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Fusion Propulsion Analysis - Neutrons
After careful consideration of the results from analyzing the natural sources of radiation,
the main propulsion system that was chosen to be analyzed further was the fusion propulsion
system. By offering the fastest round trip compared to other possible engine choices, it reduces
the amount of time spent in the hazardous space environment. This leads to a lower effective
dose coming from the propulsion system, allowing for the safest journey for the crew aboard the
Transhab. One issue with a fusion propulsion engine is the production of harmful manmade
radiation particles, such as neutrons and x-rays. In order to further analyze the choice of a fusion
propulsion system, the effective dose due to neutrons and x-rays can be calculated from the
characteristic values of thrust and velocity, as well as the chemical reaction that is used.

Shielding
Due to the setup of the vehicle design, the surface normal to the direction of the
propulsion system is nothing more than an 8 meter diameter circle1. This places the overall
projection of that area at 50.27 m2. For the purposes of this study, the required shield needed to
protect the crew from the propulsion system will come in the form of a shadow shield. The
shadow shield utilized was determined based on the distance from the point source to the shield
location in relation to the overall vehicle length. In order to perform a broad range of
calculations, various initial conditions were chosen. The scenario breakdown is as follows:




Shield at fixed location with varying thickness
Shield at fixed thickness with varying location
Varying shield compositions

Shielding reduces the neutrons in the direction of the Transhab by a factor equivalent to the ratio
of the shielding surface area to the total surface area from the location of the neutron source. The
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total surface area of a sphere is 4πr2, where r is the radius to the shield. The partial area
calculation, as well as the fraction that must be multiplied to the original neutron source is shown
in Appendix A.

Reactor Neutron Characteristics
For this propulsion system, baseline characteristics were identified. The thrust output was
estimated to be 10,000 N, with an exit velocity of 3 x 105 m/s. From these properties, the total
power was calculated, which plays a crucial role in determining the neutrons produced per
second. The reactor was determined to have a D-D reaction, or deuterium-deuterium reaction.
The reaction is broken down into its components as shown below.
50%

→

𝑝 + 𝑡𝑟𝑖𝑡𝑖𝑢𝑚 (4.03 𝑀𝑒𝑉)

50%

→

𝑛+ 3 𝐻𝑒 (3.27 𝑀𝑒𝑉)

It must be noted that tritium further decomposes into neutrons at a total rate of 5% with 14.1
MeV. From here, the power contributed from neutrons can be calculated, eventually leading to
the neutrons produced per second from each of the two neutron sources. The calculations for this
are shown in Appendix B. The final result is the production of 1016 neutrons per second for the
14.1 MeV source and 1.286 x 1021 neutrons per second for the 2.45 MeV source. After
accounting for the fraction multiplier, the sources are reduced to 1.76 x 1013 and 2.26 x 1018 n/s.

Absorbed Dose Rates
In order to find the absorbed dose in tissue from the point source, the following equation
is utilized where N is the density of atoms in soft tissue, 𝜑 is the fluence, σ is the thermal neutron
capture cross section, and E is the deposition of energy.
19

𝜑𝑁𝜎𝐸 1.6 ∗ 10−13 𝐽
1
(𝐺𝑦)
𝐷=
∗
∗ −3
𝜌
𝑀𝑒𝑉
10 𝑘𝑔 𝑔−1
One problem with this equation is that it only accounts for slow and thermal neutrons. Due to the
high range of expected energies for neutrons, this method will not work. A second method that
applies strictly to fast moving neutrons focuses on the first collision dose.
𝑁𝜎𝑄𝑎𝑣𝑔 1.6 ∗ 10−13 𝐽
1
(𝐺𝑦 𝑐𝑚2 )
𝐷=
∗
∗ −3
−1
𝜌
𝑀𝑒𝑉
10 𝑘𝑔 𝑔
In order to simplify the calculations and to obtain the best results, values were used from
calculated tables found in Atoms, Radiation, and Radiation Protection 2 by James Turner. The
tables are shown in Appendix C along with the calculations. It must be noted that the output of
the fast neutron calculations comes in the form of Gy cm2. In order to convert this to Gy, the
value must be multiplied by the fluence. It must also be noted that each element in tissue must be
calculated for, resulting in a total of four principle calculations for H, O, C, and N.
Using these tables and the shown equations from the Appendix C, the absorbed dose rates
in tissue were found to be 1.667 x 10-3 Gy/s for the 14.1 MeV source and 1.147 x 102 Gy/s for
the 2.45 MeV source. For the ease of calculating how distance and shielding impacts the dose
rate, the absorbed dose rate was converted to equivalent dose, H. In order to do this, the absorbed
dose in tissue is multiplied by a radiation weighting factor. The result is the equivalent dose in
the units of Sv, where 1 Sv is equal to 1 Gy. For the purposes of calculating the dose rates in
regard to the maximum allowable yearly rate, the absorbed dose pre-conversion was changed to
units of Sv/hr. The results are shown below.
𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝐷𝑜𝑠𝑒14.1 = 1.667 ∗ 10−3

𝐺𝑦
𝑠 1 𝑆𝑣
𝑆𝑣
∗ 3600 ∗
= 6.001
𝑠
ℎ𝑟 1 𝐺𝑦
ℎ𝑟
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𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝐷𝑜𝑠𝑒2.45 = 1.147 ∗ 102

𝐺𝑦
𝑠 1 𝑆𝑣
𝑆𝑣
∗ 3600 ∗
= 4.129 ∗ 105
𝑠
ℎ𝑟 1 𝐺𝑦
ℎ𝑟

Equivalent Dose of the Point Sources
As mentioned in the previous section, the equivalent dose in tissue is found by
multiplying the absorbed dose in tissue by the radiation weighting factor. The radiation
weighting factor values were obtained from NCRP Report No. 116 3 and are shown in Table 4.
Table 4: Radiation Weighting Factor 3

Therefore, the equivalent doses rates of the two sources become the absorbed dose rates
multiplied by a weighting factor of 10.
𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝐷𝑜𝑠𝑒14.1 = 6.001
𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝐷𝑜𝑠𝑒2.45 = 4.129 ∗ 105

𝑆𝑣
𝑆𝑣
∗ 10 = 60.01
ℎ𝑟
ℎ𝑟
𝑆𝑣
𝑆𝑣
∗ 10 = 4.129 ∗ 106
ℎ𝑟
ℎ𝑟

Equivalent Dose – Pre Shield Location
For the calculated equivalent dose of the point source, it is assumed that the initial
distance is 1 meter away. The next step is to find the value of the equivalent dose at a distance
right before the shield. In order for the units to match, the value of 1 meter is replaced by the
actual distance from propulsion system to the shadow shield location. The set distance between
21

the propulsion system and the shadow shield was initially set at 53.4 meters. Therefore, the
equivalent dose scaled to right before the shield is the original equivalent doses multiplied by the
inverse square of the distance. The calculations for this are shown in Appendix D. The calculated
pre-shield equivalent dose rates were found to be 2.13 x 101 mSv/hr for the 14.1 MeV source and
1.46 x 106 mSv/hr for the 2.45 MeV source.

Equivalent Dose – Post Shield Location
For the initial calculations, the material chosen for the shield was set as water. Using
water and a guess of the thickness as 20 centimeters, the equivalent dose after the shield can be
calculated. The equation below is used, where B represents the material buildup factor, T is the
material thickness in centimeters, and 𝛴𝑟 is the removal cross section. For material calculations,
𝛴𝑟 is in terms of cm-1, while thickness is in terms of cm. B is the buildup factor, which is
calculated from charts that relate the buildup factor of a material to the number of mean free
paths. The mean free path distance is in turn obtained from the inverse of 𝛴𝑟 . The calculation for
both 𝛴𝑟 and B are shown in Appendix D.

𝐻 = 𝐻𝑝𝑟𝑒 𝐵𝑒 −𝛴𝑟𝑇
The values were found to be 1.13 x 101 mSv/hr for the 14.1 MeV source and 9.22 x 105 mSv/hr
for the 2.45 MeV.

Equivalent Dose – Transhab
The final step required for the equivalent dose calculations lies in determining the
attenuation caused by the additional distance between the shield and the Transhab. This
calculation is accomplished in the same manner the pre-shield calculations were performed. The
value of the post-shield equivalent dose is multiplied by the inverse of the distance squared. The
22

initial condition defined for this distance was also 53.4 meters, similar to the propulsion to shield
distance. These steps are performed in Appendix D as well, resulting in further attenuation of the
radiation particles. The values of the equivalent dose at the Transhab were found to be 4.0 x 10-3
mSv/hr for the 14.1 MeV source and 3.23 x 102 mSv/hr for the 2.45 MeV source.

Effective Dose and Risks – Transhab
One of the last steps in the process of determining the risk to astronauts is to determine
the effective dose. The effective dose is expressed as E and is determined by multiplying the
equivalent dose by the tissue weighting factor. The tissue weighting factor was determined from
a table within Atoms, Radiation, and Radiation Protection 2 by James Turner. It must be noted
that for the purpose of this study, full body radiation is being utilized, resulting in a value of 1 for
the tissue weighting factor. Due to this, the value of the effective dose matches the Transhab
values of 4.0 x 10-3 mSv/hr for the 14.1 MeV source and 3.23 x 102 mSv/hr for the 2.45 MeV
source. The total effective dose was calculated as 3.23 x 102 mSv/hr, or 323 mSv/hr.
Probability coefficients, being the same as used for analysis of the GCR and SPE
radiation, can be used to show fatal cancer risk, nonfatal cancer risk, and severe genetic effects
risk for adult works based on the effective dose in Sv. As mentioned previously, the desired
annual limit of the effective dose was set at 50 mSv/year, or 5.708 x 10-3 mSv/hr. In comparing
the calculated effected dose to this threshold value, the results were deemed to be much too high.

Computer Calculations
Instead of calculating the required thickness manually, MATLAB programs were created
to solve for a variety of variables depending on the inputs assigned. Included in this was a best fit
line generator in order to solve for the predictive equation for the neutron dose equivalent
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buildup factors for water 6. This allowed for thicknesses outside of the given range to be
estimated. On top of this, an iron tank apparatus was added to the water shielding, with front and
back plate thicknesses of 5 cm each. This provided a more realistic manner of shield
calculations, as it would serve as the container for the water.
MATLAB Best Fit Lines

Utilizing data tables from Determination of Neutron Dose-Equivalent Buildup Factors
for Infinite Slabs Irradiated by Point Isotropic Neutron Sources Using the MCNP Code 6 by A.
Shirani and E. Shahriari, best fit lines were created. The results are displayed below for the
combined iron and water shield operating with both 2.45 MeV and 14.1 MeV neutrons. Mfp
refers to the number of mean free paths in relation to the thickness of the material.
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Figure 8: 2.45 MeV Neutron Buildup Factors in Water
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Water - 14 MeV Buildup Factors vs Mean Free Paths
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Figure 9: 14.1 MeV Neutron Buildup Factors in Water
Iron - 2.45 MeV Buildup Factors vs Mean Free Paths
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Figure 10: 2.45 MeV Neutron Buildup Factors in Iron
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Iron - 14 MeV Buildup Factors vs Mean Free Paths
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Figure 11: 14.1 MeV Neutron Buildup Factors in Iron
MATLAB Functions

In order to aid with the shielding calculations specifically, five different but similar
functions were created that were capable of computing values at various locations along the
vehicle. The first one named Effective_Dose was used to confirm the original calculated values
of a shield thickness of 20 cm of water plus the additional 10 cm of iron provided by the holding
tank. The next two, ThickIron and ThickWater, utilized the thickness required to produce safe
levels of the effective dose at the Transhab with either a uniform slab of iron or an iron tank
filled with water. The last two, Location_Graphs and Thickness_Graphs, allow for multiple test
values of either shield location in relation to the length of the vehicle or shield thicknesses of
water in a tank in relation to a fixed shield location. The graphs of each one is shown in
Appendix E, while the command window outputs will be shown below for various examples.
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Effective_Dose

As mentioned previously, this function was used to verify the calculations performed
earlier for the 20 cm water shield example, as well as test any other values desired. For this
function, it is assumed that there is at least 10 cm of iron shielding present, due to the tank
thickness of 5 cm and the two panels that face the direction of the incoming neutrons. The inputs
are as follows:
1. Hab_Diameter, diameter of the Transhab in meters
2. Prop_Shield, distance from propulsion system to shield location in meters
3. Shield_Hab, distance from shield location to Transhab in meters
4. T, shield thickness in centimeters
5. CS, cross section for given material
6. B, buildup factor for the given material
No variables are outputted for this function, but rather listed on the MATLAB command
window using the fprintf command. As a means of producing useful numbers, the limit from the
source was set to be 50 mSv/yr, or the annual allowable limit. In reality, the limit would be much
less due to the other sources of radiation that can contribute to the overall effective dose. An
error message was also added to the code to demonstrate to the user any inputs that yield an
effective dose to the crew over the 50 mSv/yr mark. An example is shown below utilizing the
case performed by hand, with a shield thickness of 20 cm of water but with an additional 10 cm
of iron from the tank plates. It must be noted that the values are shown in units of mSv/h and not
mSv/yr.
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Figure 12: Effective_Dose Command Window
The function takes measurements of the equivalent and effective doses at the points of right
before the shield, immediately after, and directly at the Transhab.
As an added feature, the function also opens up Excel and creates a file named
Effective_Dose_to_Body_Parts.xlsx, which shows the breakdown of the weighing factor for
various body parts and tissues.
Body Part
Weighting Factor Individual Effective Dose (mSv/hr)
Gonads
0.20
53.4011
Bone Marrow (red)
0.12
32.0406
Colon
0.12
32.0406
Lung
0.12
32.0406
Stomach
0.12
32.0406
Bladder
0.05
13.3503
Breast
0.05
13.3503
Liver
0.05
13.3503
Esophagus
0.05
13.3503
Thyroid
0.05
13.3503
Skin
0.01
2.6701
Bone Surface
0.01
2.6701
Remainder
0.05
13.3503

Figure 13: Effective_Dose_to_Body_Parts.xlsx Output
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ThickWater

ThickWater is used to calculate the required shield thickness needed to properly attenuate
the effective dose to a desired limit at the Transhab. The inputs are as follows:
1. Hab_Diameter, diameter of the Transhab in meters
2. Prop_Shield, distance from propulsion system to shield location in meters
3. Shield_Hab, distance from shield location to Transhab in meters
4. E_limit, annual effective dose limit in mSv/yr
No results are output for this function, but rather listed on the MATLAB command window
using the fprintf command. An example shown below is used to calculate the minimum thickness
needed to create a safe level below the effective dose limit as given by the inputs from the
original example. Instead of plugging in the value of 20 cm and seeing what the outcome is, the
desired thickness can be calculated directly using the location of the shield being the halfway
point in the vehicle.

Figure 14: ThickWater Command Window
The function takes measurements of the equivalent and effective doses at the points of right
before the shield, immediately after, and directly at the Transhab.
ThickIron

ThickIron is used to calculate the required shield thickness needed to properly attenuate
the effective dose to a desired limit at the Transhab. The inputs are as follows:
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1. Hab_Diameter, diameter of the Transhab in meters
2. Prop_Shield, distance from propulsion system to shield location in meters
3. Shield_Hab, distance from shield location to Transhab in meters
4. E_limit, annual effective dose limit in mSv/yr
No results are output for this function, but rather listed on the MATLAB command window
using the fprintf command. An example shown below is used to calculate the minimum thickness
needed to create a safe level below the effective dose limit as given by the inputs from the
original example, but with the material being only iron.

Figure 15: ThickIron Command Window
The function takes measurements of the equivalent and effective doses at the points of right
before the shield, immediately after, and directly at the Transhab.
For the calculations performed for realistic scenarios, this function was only utilized to
find the attenuation through the two 5 cm slabs of iron which comprise the tank. One problem
with using a shield comprised entirely of iron is the possibility of activation of the material and
the added health risks that come with this. In order to simplify calculations and provide the best
possible estimate, a scenario was created that would produce either no activation or a miniscule
amount.
Location_Graphs

This function was used to display graphs of the equivalent and effective dose rates as a
function of the location of the shield. Therefore, the designated thickness of the shield is fixed. It
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is assumed that there is 10 cm of iron shielding present, due to the tank thickness of 5 cm and the
two panels that face the direction of the incoming neutrons. The inputs are as follows:
1. Hab_Diameter, diameter of the Transhab in meters
2. Dist_Tot, total vehicle distance in meters
3. Dist_Start, starting distance to shield location in meters
4. Dist_End, ending distance to shield location in meters
5. step, step size in meters
6. t, shield thickness in centimeters
7. CS, cross section for given material
8. B, buildup factor for the given material

No results are output for this function, but rather graphs. Instead of using the other programs
to manually put in a range of distances one at a time, the function allows for the output over a
range through the use of multiple visual aids in graph form. The output graphs are “Equivalent
Dose Rate Pre Shield”, “Equivalent Dose Rate Post Iron and Pre Water”, “Equivalent Dose Rate
Post Shield”, “Equivalent Dose Rate at Transhab”, and “Human Risks”. Examples of the
graphical outputs are displayed in Appendix E, under the Location_Graphs heading with the
following inputs: 8 meter diameter, 106.8 meter vehicle length, start distance of 53.4 meters, end
distance of 53.4 meters, step size of 0.5 meters, and a 145 cm thick shield of water.
Thickness_Graphs

This function was used to display graphs of the equivalent and effective dose rates as a
function of the thickness of the shield. Therefore, the designated location of the shield is fixed. It
is assumed that there is 10 cm of iron shielding present, due to the tank thickness of 5 cm and the
two panels that face the direction of the incoming neutrons.
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The inputs are as follows:
1. Hab_Diameter, diameter of the Transhab in meters
2. Prop_Shield, distance from propulsion system to the shield in meters
3. Shield_Hab, distance from the shield to the Transhab in meters
4. Start_Thick, start thickness limit in cm
5. End_Thick, end thickness limit in cm
6. step, step size in centimeters
7. CS, cross section for given material
8. Mat, string function in either form of ‘water’ or ‘iron’ indicating shield material
No results are output for this function, but rather graphs. Instead of using the other programs
to manually put in a range of thicknesses one at a time, the function allows for the output over a
range through the use of multiple visual aids in graph form. The graphs that are outputted are
“Equivalent Dose Rate Post Shield”, “Equivalent Dose Rate at Transhab”, and “Human Risks”.
Examples of the graphical outputs are displayed in Appendix E, under the Thickness_Graphs
heading with the following inputs: 8 meter diameter, distance of 53.4 m to the shield, distance of
53.4 m to the Transhab, start thickness of 140 cm, end thickness of 150 cm, step size of 0.5 cm,
CS of 0.103, and Mat of ‘water’.
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Fusion Propulsion Analysis – Neutron Activation
The activation of different nuclides through reactions with different threshold energies
provides information on the spectrum of neutrons to which they are exposed. The scenario that is
analyzed here is the collision of a moving mass, M1, with a stationary mass, M2. Masses M3 and
M4 are the result of the collision, and will each be moving and composed of different masses.
The change in rest energy, Q, is negative and is shown below.
𝑄 = 𝑀1 + 𝑀2 − (𝑀3 + 𝑀4 )
The threshold energy is defined as:
𝐸𝑡 ≥ −𝑄 (1 +

𝑀1
)
𝑀3 + 𝑀4 − 𝑀1

It must be noted that in the event electrons are conserved on both sides of the reaction, the
atomic mass differences ∆ may be used to find Q. It must also be noted that positively charged
projectiles must overcome the Coulomb barrier, which therefore adds to the total value of the
threshold energy. If the threshold energy is surpassed, then activation of nuclides can take place.
Activation is defined as a normally stable material that reaches a state where it becomes
radioactive. In the case of this study, neutrons serve as the source of possible activation as they
reach specific properties that can form radioactive isotopes. For a sample containing NT target
atoms with a cross section σ exposed to a beam of monoenergetic neutrons with a fluence Φ, the
production rate of daughter atoms from absorption is ΦσNT. The loss of daughter atoms can be
calculated as a function of the number of daughter atoms, N, and the decay constant, λ, leading to
λN. The overall change is shown below.
𝑑𝑁
= 𝛷𝜎𝑁𝑇 − 𝜆𝑁
𝑑𝑡
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This equation can then be solved to produce:
𝜆𝑁 = 𝛷𝜎𝑁𝑇 (1 − 𝑒 −𝜆𝑡 )
It must be noted that the decay constant has the following relationship with the half-life, T1/2.
𝜆=

0.693
𝑇1/2

One of the assumptions that were made during the neutron shielding analysis was a water
shield with two sets of 5 cm thick iron plates representative of the tank holding the water. Due to
the relatively small thickness of iron used, it was concluded that any possible activation of the
iron component of the shielding would result in a negligible amount of activation. This indicates
that the production of gamma rays from activation does not need to be analyzed, due to the
relative low amount of production.
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Fusion Propulsion Analysis – X-rays
As mentioned previously for the neutron section, the propulsion system that was chosen
to test was the fusion propulsion system. Aside from the production of neutrons, x-rays are also
produced. Given the chemical properties of the engine such as the mass of propellant, one is able
to determine the number of particles that are created and therefore the health risk that they may
pose.

Shielding
For the initial calculations, a water shield of 145 cm was chosen, as to match calculations
performed for the neutron section. The water is also assumed to be in an iron tank, with two sets
of 5 cm thick panels on the front and back of the tank, or 10 cm total. The placement of the
shield is assumed to be placed at the half way mark of the vehicle, or at the 53.4 meter mark.
Since the x-rays are calculated from a point source, the same reduction factor representing the
ratio of the shielding surface area to the total surface area of the location of the x-ray source was
used. The calculation for this ratio is shown in Appendix A.

Reactor X-ray Characteristics
For this propulsion system, baseline characteristics were identified. The temperature is
estimated at 25 keV or 2.9 x 108 K, the mass of propellant is 1 milligram, and the number density
equal to 1028 m3. Using these properties, one is able to find the frequencies of all photons
produced. In order to provide the best possible estimation, a cutoff frequency was determined
and the summation of the energy was found. In order for this to be done, a Maxwellian
distribution was assumed. The next step calculated the total number of photons produced. This
was done by making the assumption that all energy produced goes strictly into the radiation. The
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total energy was found to be the sum of the total thermal energy of the plasma and the total
fusion energy assuming complete fuel consumption. Once divided by the summation of the
energy, the total number of particles produced was found. As one can see, these assumptions
show a pessimistic case scenario, but act as an aid to provide meaningful results. After
multiplying by the area ratio reduction factor, the total number of particles moving in the
direction of the shielding and Transhab was used in order to determine the health risks to the
crew. η, or the power per frequency per mass, was determined and plotted as a function of the
frequency of the particles, as shown in Figure 16.
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Figure 16: η vs.  for x-ray point source
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Absorbed Dose Rates
In order to find the absorbed dose from the point source, the following equation was
utilized where C represents the activity in Ci, E represents the electron volt value in MeV, and r
represents the distance from the point source.

𝐷=

1.27 ∗ 10−6 𝐶𝐸
𝑟2

In order for this equation to be used, the activity of the system must be known. Utilizing a
MATLAB file created by Dr. Jason Cassibry 9, an associate professor at the University of
Alabama in Huntsville and the advisor for this study, the activity was calculated via the defined
inputs. For each of the frequencies, the matching activity was found, shown in Figure 17 below.
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Figure 17: Spectral specific activity vs. photon frequency
By summing the individual values up until the cutoff, the total absorbed dose from the point
source was found to be 299.77 Sv over the course of a six month round trip (fusion propulsion).
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Equivalent Dose of the Point Sources
Similar to the neutron calculations, the equivalent dose can be found by multiplying the
absorbed dose by the radiation weighting factor. This weighting factor comes from a table
supplied in NCRP Report No. 116 3, and is shown as Table 4 in the neutron section. For x-rays,
the value of the radiation weighting factor is 1. Therefore the equivalent dose of the point source
is nothing more than the previously calculated absorbed dose, or 3.42 x 106 Sv.

Equivalent Dose – Post Shield and Transhab
As mentioned earlier, the shield that will be utilized for the first x-ray calculation is
composed of 145 cm of water and 10 cm of iron. The placement of the shield is exactly at the
half way mark of the total vehicle length, or at the 53.4 m mark. Therefore, the total attenuation
factor will be composed of the water shield, iron portions of the tank, and the distance of 106.8
meters. The attenuation for the distance is nothing more than multiplying the value by the square
of the inverse of the distance. In order to determine the effect of the two shield components,
mass attenuation coefficients for each material must be used. The NIST (National Institute of
Standards and Technology) Radiation Physics Division published a study 8 which solved for the
mass attenuation coefficient at various levels of eV for most of the elements and other common
materials. The plots used for each of the three materials utilized are shown in Appendix F.
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Once the attenuation coefficients were known, the next step was to simply plug in the
known values into the attenuation formula, shown below. B, representing the buildup factor, was
assumed to have a value of one for each of these calculations. Io represents the initial dose, μ
represents the value of the mass attenuation coefficient multiplied by the density of the material,
and x is the thickness of the shield in centimeters.
𝐼 = 𝐵 𝐼𝑂 𝑒 −𝜇𝑥
After plugging in for each of the two sets of shields, the final result for the attenuated equivalent
dose was found to be 0.1624 Sv, or 1.624 x 10-1 Sv.

Effective Dose – Transhab
The last step in the process is to convert the equivalent dose to effective dose, which is
indicative of determining the risk to astronauts. As with the neutron source, the equivalent dose
multiplied by a defined tissue weighting factor yields the total effective dose. The values of
various weighting factors are shown in Table 1, under the Health Analysis heading. Assuming
full body radiation, the value of this factor is 1, resulting in an effective dose to the crew of 1.624
x 10-1 Sv, or 162 mSv. At the desired annual limit of 50 mSv/year, it appears that the total
expected effective dose from the x-ray sources is over 3x as much as the annual limit. This
indicates that a thicker shield is required in order for proper attenuation. After modify the code to
run iterative solutions, it was determined that a water shield thickness of 182.5 cm would
attenuate the x-rays to a total effective dose of 50 mSv, or the suggested annual limit. Figure 18
demonstrates the effective dose as a function of the water shield thickness. After approximately
300 cm thick, the effect of the x-rays drops to a negligible quantity. Figure 19 shows the
associated probability of developing fatal cancer, non-fatal cancer, and genetic mutations as a
function of the water shield thickness.
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Effective Dose vs. Water Shield Thickness
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Figure 18: Effective Dose X-ray vs. Water Shield Thickness
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Figure 19: Health Risks X-ray vs. Water Shield Thickness
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Conclusion
After careful consideration of the total health impacts from each of the radiation sources
and various mission timelines, it appears that a fusion propulsion system operating on a six
month roundtrip is the only feasible option to reach Mars safely with humans aboard. Nuclear
thermal and chemical systems operate on a time scale of one to two years. For safe passage on
these time scales, the Transhab shell thickness would have to be greatly increased to over a wall
thickness of 450 cm, corresponding to a system mass of 7.903 x 106 kg for a habitat of 10 m in
diameter. The biggest challenge facing this is constant stream of GCR and the looming
possibility of SPE. This alone can serve as the basis for determining which propulsion system to
pursue. In the end, the quickest travel time will result in the safest journey for astronauts heading
outside of Earth’s orbit.
While fusion propulsion systems reduce the overall exposure to natural space radiation, it
does create man-made radiation in the form of x-rays and fast moving neutrons. As noted
throughout the study, these sources can be properly attenuated through the use of a shadow
shield composed of water and iron. The iron is representative of an iron tank holding the water.
The two varying factors though that can gauge the effect of the attenuation are the distance from
the sources to the shield and the shield thicknesses. Using the annual limit for each source
calculation alone, it was determined it would take roughly 142 cm of water for the neutron
attenuation and 182.5 cm of water for the x-ray attenuation, given the shield is located at the half
way point of the vehicle. Upon adaption of
According to the HOPE vehicle design, which was found in NASA/TP-2003-2126911,
the original conceptual design included the use of a 5.5 meter tank of water. If this shield
thickness was incorporated into the calculations for both x-rays and neutrons, the impact would
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be drastic. The x-rays would produce an effective dose of 77.4 x 10-5 mSv, while the neutrons
would produce an effective dose of 78.2 x 10-11 mSv. These levels are well below the desired
annual limits and therefore allow for a possible flight configuration. Rates this low would also
provide minimal risk to astronauts, reducing the probabilities of fatal cancer, non-fatal cancer,
and genetic effects to nearly negligible values.
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Appendix A – Neutron Shielding Calculations
The shielding calculations utilize the trigonometric relationships that are present for a
right angle triangle. The square surface can be shown in terms of Φ and  angles, in terms of
radians. Due to the square symmetry present, the angles are identical. As mentioned, the total
surface area of a sphere is given by the formula 4πr2, with r being the distance to the shield. The
partial area is shown below, once again with r representing the distance to the shield.
𝛷



𝑃𝑎𝑟𝑡𝑖𝑎𝑙 𝐴𝑟𝑒𝑎 = 𝑟 2 ∫ ∫ 𝑑𝛷𝑑
0

0

In order to find the Φ or  angles in radians, one must utilize both the geometry of the HOPE
vehicle design as well as the shielding properties1.

Half the Shield
Height

/2
Distance to Shield

Figure 20: Half Height Shield Geometry
In order to find the angle to go from the center of the shield to the top or bottom of the shield, the
inverse tangent of the half height over the distance must be calculated. The total angle then
becomes twice that angle, in order to compensate for both halves of the shield. Due to symmetry
of the shield in the form of a square, the  angle is assumed to be equal to the Φ angle.

For this study, the shield distance is estimated to be halfway between the propulsion
system and the start of the Transhab. This distance is calculated to be 53.4 meters, with the half
shield height of the shadow shield being 4 meters. Therefore, the half angle /2 is equal to:
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4
= tan−1 (
) = 0.07476 𝑟𝑎𝑑
2
53.4
The total angle  is equal to 0.1495 rad, with the Φ angle also equal to 0.1495 rad. After
plugging the limits of the integrals into the partial area equation, the final result is equal to:
𝑃𝑎𝑟𝑡𝑖𝑎𝑙 𝐴 = 𝑟 2 𝛷 = .02235 𝑟 2
Therefore, the factor that the shielding reduces neutrons by is the ratio of the partial surface to
the total surface, as shown below.
𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =

𝑟 2 𝛷
= 0.00176
4𝜋𝑟 2

This fraction will be used to find the number of neutrons that are going in the direction of the
shadow shield, and subsequently play a factor in calculating the neutron flux.
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Appendix B –Neutrons, Reactor Calculations
The reactor utilized is based on a D-D reaction, which produces the following products
below.
50%

→
50%

→

𝑝 + 𝑡𝑟𝑖𝑡𝑖𝑢𝑚 (𝑡𝑜𝑡𝑎𝑙 = 4.03 𝑀𝑒𝑉)

𝑛+ 3 𝐻𝑒 (𝑛 = 2.45 𝑀𝑒𝑉, 𝑡𝑜𝑡𝑎𝑙 = 3.27 𝑀𝑒𝑉)

As mentioned, tritium breaks down further into a neutron with 14.1 MeV with roughly a 5%
chance. The neutron energy fraction can be calculated from finding the ratio of the neutron
energy to the total energy.
𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑛𝑒𝑢𝑡𝑟𝑜𝑛 =

2.45 𝑀𝑒𝑉
= 0.336
4.03 𝑀𝑒𝑉 + 3.27 𝑀𝑒𝑉

The power from neutrons can then be calculated based on the total power of the propulsion
system. The thrust is 10,000 N and the exit velocity is 3 x 105 m/s.
𝑃𝑡𝑜𝑡 =

1
∗ 10000 ∗ 3 ∗ 105 = 1.5 ∗ 109 𝑊 = 1.5 𝐺𝑊
2

𝑃𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠 = 1.5 ∗ 109 ∗ 0.336 = 5.04 ∗ 108 𝑊 = 504 𝑀𝑊
𝑁𝑒𝑢𝑡𝑟𝑜𝑛2.45 = 2.45 𝑀𝑒𝑉 ∗

𝑁𝑒𝑢𝑡𝑟𝑜𝑛14.1

1.6 ∗ 10−13 𝐽
= 3.92 ∗ 10−13 𝐽
1 𝑀𝑒𝑉

1.6 ∗ 10−13 𝐽
= 14.1 𝑀𝑒𝑉 ∗
= 2.26 ∗ 10−12 𝐽
1 𝑀𝑒𝑉

Using these values and a given production of 1016 neutrons per second for the 14.1 MeV neutron
source, the neutrons per second produced for the 2.45 MeV source can be calculated.
𝐽
5.04 ∗ 108 𝑠
𝑑𝑛
𝑛𝑒𝑢𝑡𝑟𝑜𝑛𝑠
21
=
=
1.286
∗
10
𝑑𝑡 2.45 3.92 ∗ 10−13 𝐽
𝑠
𝑑𝑛
= (1016 )14.1 𝑠𝑜𝑢𝑟𝑐𝑒 + (1.286 ∗ 1021 )2.45 𝑠𝑜𝑢𝑟𝑐𝑒
𝑑𝑡 𝑡𝑜𝑡𝑎𝑙
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Appendix C – Neutron Dose Calculations
The tables below come from Atoms, Radiation, and Radiation Protection 2 by James
Turner.
Table 5: Principal Elements in Soft Tissue of Unit Density 2

Table 6: Analysis of First Collision Dose for Neutrons in Soft Tissue 2
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For the 14.1 MeV source, it can be estimated that the total absorbed dose per unit neutron
fluence is 6.06 x 10-11 Gy cm2. For the 2.45 MeV source, the value of the total absorbed dose per
unit neutron fluence was found to be 3.24 x 10-11 Gy cm2, using interpolation between the 2 and
3 MeV data points. These values were then converted to Gy absorbed doses by multiplying by
the neutron fluence for each source. The fluence calculations and subsequent dose calculations
are shown below.
𝜑̇ 14.1 = 1016 ∗ 0.00176 ∗

1
1
𝑁
7
∗
=
2.75
∗
10
64 1002
𝑠 𝑐𝑚2

𝜑̇ 2.45 = 1.286 ∗ 1021 ∗ 0.00176 ∗
𝐷𝑜𝑠𝑒14.1 = 1.667 ∗ 10−3

1
1
𝑁
∗
= 3.54 ∗ 1012
2
64 100
𝑠 𝑐𝑚2

𝐺𝑦
𝐺𝑦
, 𝐷𝑜𝑠𝑒2.45 = 1.147 ∗ 102
𝑠
𝑠
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Appendix D – Neutron Equivalent Dose Calculations
Pre-Shield Calculations
The first calculations that are shown are the pre-shield calculations. In order to properly
scale the equivalent dose from a distance of 1 meter to the distance before the shield, the inverse
square law was used. In order to simplify the equations, H will refer to equivalent dose rate. For
this problem, the distance was defined as 53.4 meters.
𝐻𝑝𝑟𝑒−14.1 = 60.01

𝑆𝑣
1
1000 𝑚𝑆𝑣
𝑚𝑆𝑣
∗
∗
= 2.13 ∗ 101
2
ℎ𝑟 53.4
𝑆𝑣
ℎ𝑟

𝐻𝑝𝑟𝑒−2.45 = 4.129 ∗ 106

𝑆𝑣
1
𝑚𝑆𝑣
∗
= 1.46 ∗ 106
2
ℎ𝑟 53.4
ℎ𝑟

Post-Shield Calculations
One key material property needed is the value of 𝛴𝑟 . Using graphs outlined in Effective
Neutron Removal Cross Sections for Shielding – ORNL 1843 7, a formula was utilized in order to
calculate the removal cross section.
𝛴𝑟
𝛴𝑟
𝛴𝑟 = ( ) 𝜌1 + ( ) 𝜌2 …
𝜌 1
𝜌 2
The numbers next to the parenthesis indicates the element from the molecular formula of the
𝛴

𝛴

𝜌 1

𝜌 2

material. For water, the value of ( 𝑟 ) would be the hydrogen and ( 𝑟 ) would be the oxygen.
𝛴

The values of ( 𝜌𝑟 ) can be found by utilizing the chart supplied below from the ORNL 1843 7
𝑖

report. The value of 𝜌𝑖 can be found by multiplying the material density in terms of g/cm3 by the
ratio of the atomic mass of the element by total weight of the material.
𝜌𝑖 =

𝐸𝑙𝑒𝑚𝑒𝑛𝑡 𝐴𝑀𝑈
∗𝜌
𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐴𝑀𝑈 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙
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Figure 21: Neutron Shielding Ability per Unit Weight of a Material as a Function of AMU 7
The value of 𝛴𝑟 for water was calculated to be 0.103 cm-1. From here, the mean free path
distance was found to be the inverse of 𝛴𝑟 , or 9.708 cm.
Now that the value of 𝛴𝑟 and the mean free path distance were calculated, the correct
buildup factor could be found. Tables from Determination of Neutron Dose-Equivalent Buildup
Factors for Infinite Slabs Irradiated by Point Isotropic Neutron Sources Using the MCNP Code 6
by A. Shirani and E. Shahriari were used to find the value at the set mean free path thickness.
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Table 7: Neutron Dose-Equivalent Buildup Factors for Water 6

With a mean free path of 9.708 cm, the thickness in terms of mean free path for a 20 cm water
shield is 2.06 mean free paths. Using the supplied chart, the values of the buildup factors were
estimated to be 3.981 for the 14.1 MeV source and 3.947 for the 2.45 MeV source. The values
were then plugged into the post-shield equation for equivalent dose.
𝐻𝑝𝑜𝑠𝑡−14.1 = 2.13 ∗ 101 ∗ 3.981 ∗ 𝑒 −0.103∗20 = 1.13 ∗ 101

𝑚𝑆𝑣
ℎ𝑟

𝐻𝑝𝑜𝑠𝑡−2.45 = 1.46 ∗ 106 ∗ 3.947 ∗ 𝑒 −0.103∗20 = 9.22 ∗ 105

𝑚𝑆𝑣
ℎ𝑟

Transhab Calculations
Similarly to the pre-shield calculations, the value of the equivalent dose at the Transhab
was found by using the inverse square law. Once again, the distance was set at 53.4 meters.
𝐻𝑡𝑟𝑎𝑛𝑠−14.1 = 1.13 ∗ 101

𝑚𝑆𝑣
1
𝑚𝑆𝑣
∗
= 4.0 ∗ 10−3
2
ℎ𝑟 53.4
ℎ𝑟

𝐻𝑡𝑟𝑎𝑛𝑠−2.45 = 9.22 ∗ 105

𝑚𝑆𝑣
1
𝑚𝑆𝑣
2
∗
=
3.23
∗
10
ℎ𝑟 53.42
ℎ𝑟
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Appendix E – Neutron MATLAB Graphs
Location_Graphs
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Figure 22: Location_Graphs Pre Shield Graph
2

6
x 10 Equivalent Dose Rate Post Iron/Pre Water vs. Shield Location

Equivalent Dose (mSv/h)

1.8

1.6

1.4

1.2

1

0.8
50

51

52

53

54
55
56
57
Distance to Shield (meter)

58

59

60

Figure 23: Location_Graphs Post Iron/Pre Water Shield Graph
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Figure 24: Location_Graphs Post Shield Graph
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Figure 25: Location_Graphs Transhab Graph
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Figure 26: Location_Graphs Health Risks Graph

Thickness_Graphs
Equivalent Dose Rate Post Shield vs. Shield Thickness
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Figure 27: Thickness_Graphs Post Shield Graph
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Figure 28: Thickness_Graphs Transhab Graph
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Figure 29: Thickness_Graphs Human Risks Graph

55

Appendix F – NIST X-ray Mass Attenuation Coefficients

Figure 30: Water Mass Attenuation Coefficients, X-ray

Figure 31: Polyethylene Mass Attenuation Coefficients, X-ray
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Figure 32: Iron Mass Attenuation Coefficients, X-ray
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